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The transverse magnetoresistance of thin films of the Diluted Magnetic Semiconductor
Zn1−xCoxO:Al on glass was studied for temperatures in the range of 5 to 100 K. Measurements
were made on thin films grown by rf magnetron sputtering, with a thickness of approximately
200 nm. ZnO was alloyed with Co to a concentration x of 0.1 and co-doped with a 5.5% wt con-
centration of Al. The electrical resistivity was measured along the sample surface by the four-point
probe method with a magnetic field of up to 4 T applied perpendicular to the surface of the film.
The experimental results of the magnetoresistance have been interpreted by means of a semiclassical
model that combines a relaxation-time approximation to describe scattering processes in ZnO and a
phenomenological approach to the spin-disorder scattering due to the indirect exchange interaction
of the magnetic impurities.
PACS numbers: 73.43.Qt, 73.61.-r, 73.61.Ga, 75.47.-m, 75.50.Dd, 75.50.Pp
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INTRODUCTION
Diluted Magnetic Semiconductor (DMS) materials like
Zn1−xCoxO can be synthesized with a wide variety of
transition-metal magnetic impurities, in a wide range of
concentrations up to about 35%. Some ZnO-based DMS
have exhibited room-temperature ferromagnetism[1, 2]
as predicted by Dietl and Sato[3, 4], and are of interest
for their potential applications in spintronics. In doped
wide-gap semiconductors charge transport is strongly af-
fected by quantum interference between scattered waves
and the wave function amplitudes of the electron-electron
interactions. This makes these systems sensitive to
phase-breaking mechanisms such as spin relaxation and
spin degeneracy, which can be induced by applying a
magnetic field[5]. Although there is considerable experi-
mental work on magnetotransport behavior, like magne-
toresistance (MR) and the anomalous Hall effect (AHE)
of doped ZnO-based DMS[3, 4], there is no clear consen-
sus yet, due in part to the fact these properties depend,
in a complicated manner, on temperature and electron
concentration[6]. The complex superposition of nega-
tive and positive MR is not completely understood. In
this paper, we report the transverse magnetoresistance
of Zn1−xCoxO:Al thin films on glass. The results on MR
have been modeled using a semi-classical model consid-
ering relaxation processes and sp-d exchange interaction.
EXPERIMENTAL PROCEDURE
Films were synthesized by RF magnetron sputtering
over flint glass substrates with various compositions. Ref-
erence samples of ZnO and ZnO doped with Al (ZnO:Al)
were made along the with the Zn0.9Co0.1O:Al 5.5% wt.
All samples were grown at 300 ◦C using an RF power of
125 W under a pressure of 8.5× 10−3 Torr. X-ray anal-
ysis showed that the Zn0.9Co0.1O:Al sample grew along
the (002) direction (i.e. perpendicular to the c-axis) with
a sharp peak at 2θ = 34.483◦. The sample thickness of
198 nm was determined by AFM profilometry.
Resistivity as a function of temperature and applied
magnetic field was measured in a four-point-probe ar-
rangement with a Keithley 236 Source/Measure Elec-
trometer with currents down to 1 nA. Gold wire was
attached to the film with small drops of silver paint. All
three samples showed a good ohmic behavior. At room
temperature ZnO, ZnO:Al, and Zn0.9Co0.1O:Al had re-
sistances of 1.89×108, 6.88×105, and 1.55×105Ω, respec-
tively. The three-order-of-magnitude drop in resistance
achieved by Al-doping allowed us to measure resistivity
down to 5 K without exceeding the limits of our mea-
surement system.
The temperature and magnetic field were controlled
with a Janis 4TL-VT25-4KCCR cryostat equipped with
a 4-T superconducting magnet. The resistivity as a func-
tion of applied magnetic field was measured at discrete
temperatures in the range of 5 to 100 K. The sample was
placed in the center of the superconducting solenoid with
its surface perpendicular to the direction of the applied
magnetic field.
SEMICLASSICAL MODEL FOR
MAGNETORESISTANCE
We will use the following definition of magnetoresis-
tance:
ρM =
ρ(H,T )− ρ(T )
ρ(T )
, (1)
2where ρ(H,T ) is the resistivity at temperature T , un-
der the influence of a magnetic field H , and ρ(T ) is the
resistivity at the same temperature in the absence of a
magnetic field. According to Boltzmann’s theory, the
magnetic-field-dependent resistivity can be expressed as
ρ(H,T )/ρ(T ) = 1 + β⊥H
2 + β‖
H
(
~j· ~H
)
~|j|
, (2)
where β‖ and β⊥ are the parallel and transverse magne-
toresistance coefficients, respectively, and ~j is the current
density vector. The last term vanishes when the magnetic
field is transverse to the current, thus
ρM = β⊥H
2. (3)
We can now invoke the relaxation-time-approximation to
calculate β⊥
β⊥ =
(
e
m∗ec
)2
1
〈τ〉


〈
τ3
1 + γ2
〉
−
〈
τ2
1+γ2
〉2
〈
τ
1+γ2
〉

 , (4)
where e is charge of the electron, m∗e is the electron ef-
fective mass, c is the speed of light, 〈τ〉 is the average
value of the relaxation time τ , and γ = ωcτ . ωc is the
cyclotron frequency for conduction-band electrons[7].
Averages are computed semiclassically according to:
〈O〉 = 1
N
∫ ∞
0
O
(
−∂f0
∂E
)
E3/2dE, (5a)
N =
∫ ∞
0
(
−∂f0
∂E
)
E3/2dE, (5b)
where f0 is the equilibrium Fermi-Dirac distribution.
We will consider scattering by acoustic phonons, ion-
ized impurities, dislocations, and spin disorder[7–9]. The
latter mechanism will be treated phenomenologically.
Only the dominant scattering mechanisms will be used
in the calculation.
Acoustic phonon scattering has a relaxation time
τph(E) = a
E−
1
2
kBT
, (6a)
a =
2πh4ρv2l
(2m∗e)
3
2 ε2d
, (6b)
where h is Planck’s constant, ρ is the mass density, vl is
the speed of sound, and εd is the deformation potential.
For ZnO, a/kB ≈ 57.
The scattering relaxation time due to dislocations is
computed from
τdis(E) =
~
3εc2
Ndism∗ee
4λ4
(
1 +
8m∗eλ
2E
~2
) 3
2
, (7a)
λ =
(
εkBT
ne2
) 1
2
, (7b)
where Ndis is the surface density of dislocations, ε is the
low-frequency dielectric constant, and n is the conduction
electron density.
The ionized impurity scattering contribution is calcu-
lated according to
τii(E) =
2
9
2πε2
√
m∗e
e4NI
[
ln(1 + C0E)− C0E1+C0E
]E 32 , (8a)
C0 =
8εm∗ekBT
~2e2n
, (8b)
where NI is the total impurity concentration.
Using values from Look[8] and Madelung[10] at T =
100 K, the relaxation-time averages for the three pro-
cesses can be estimated: 〈τph〉 = 4.68 × 10−5 s, 〈τdis〉 =
2.80×10−9s, 〈τii〉 = 1.93×10−14s. At lower temperatures
τph and τdis increase faster that τii. This indicates that
the limiting nonmagnetic scattering mechanism for ZnO
is due to ionized impurities. In our calculations we will
ignore both acoustic-phonon and dislocation scattering
mechanisms. Spin-disorder scattering will be included as
a modification to the ionized impurity scattering.
EXCHANGE INTERACTION
In wide-gap DMS, the indirect exchange interaction
between magnetic impurities and band carriers modifies
the g-factor such that
gα,β = gZnO + x
N0J
(
α
β
)
µBH
S Bs
(
gCoSµBH
kBT
)
, (9)
where gZnO is the g-factor of ZnO, x is the Co concen-
tration, N0J
(
α
β
)
is the exchange integral (J(α), J(β) for
electrons and holes, respectively), µB is the Bohr magne-
ton, H is the applied magnetic field, Bs() is the Brillouin
function, and S and gCo are the spin quantum number
and Lande´ g-factor for Co+2 ions, respectively[11].
The spin-split Landau levels for the conduction and
valence bands relative to the band edges are given by
Ec = (n+
1
2
)~ωc ± 1
2
gαµBH, (10a)
Ev = −(n+ 1
2
)~ωv ∓ 1
2
gβµBH, (10b)
where n is the index for the Landau level and ωc and
ωv are the cyclotron frequencies for the conduction and
3FIG. 1: Magnetoresistance (∆ρ/ρo) at 5 K (), 7 K (△), and
10 K (©). The model-fit curves are shown as solid lines.
valence bands, respectively. Using the temperature-
dependent energy gap for ZnO Eg(T ) we can get the
temperature- and magnetic-field-dependent gap as
Eg(T,H) = Eg(T )+
1
2
~(ωc+ωv)− 1
2
(gα+gβ)µBH. (11)
The number of ionized impurities can be expressed as
follows,
NI =
(
Nae
− Ea
kBT +Nde
−
E
d
kBT
)
, (12)
where Na and Nd are acceptor and donor concentrations,
respectively and Ea, and Ed are the acceptor and donor
binding energies, respectively. We use these as the fitting
parameters in the model to calculate NI .
A negative contribution to the magnetoresistance can
be included phenomenologically as a multiplicative factor
for the relaxation time
τeff = τii ×
[
Eg(T,H)
Eg(T )
]
. (13)
The factor multiplying τii serves to increase the effec-
tive relaxation time τeff at high magnetic fields. Such
behavior is expected from spin-disorder scattering. Its
associated relaxation time τsd, is inversely related to the
temperature and the susceptibility[5, 12]. As the mag-
netic field increases, the magnetization saturates as the
electrons increasingly populate the lowest spin-split Lan-
dau sub-band. This saturation leads to a vanishing sus-
ceptibility.
RESULTS AND DISCUSSION
Figure 1 shows the magnetoresistance for temperatures
between 5 and 10 K. At 5 and 7 K the positive magne-
FIG. 2: Magnetoresistance (∆ρ/ρo) at 15 K ()and 20 K
(©). The model-fit curves are shown as solid lines.
toresistance dominates at small fields where spin-disorder
scattering is still large. When the field has increased
enough that the carrier density in the lowest subband
is reaching its maximum, the ionized-impurity scatter-
ing contribution becomes field independent. The spin-
disorder scattering contribution continues to decrease
as the applied field increases producing a maximum in
the magnetoresistance curve. At 10 K the decrease of
the spin-disorder scattering is slower than before since
τsd ∝ T− 32 [12]. In this case, the maximum would occur
at approximately 41 kG according to an extrapolation of
the model.
At higher temperatures between 15 and 20 K the mag-
netoresistance increases monotonically as a function of
applied field (see Fig. 2). At these temperatures, disor-
der scattering does not decrease enough to compensate
for the increase in ionized impurity scattering. There is a
sudden drop in the magnitude of the magnetoresistance
around 15 K which the fit compensates for but leads to
an anomalous increase in NI which cannot be physically
accounted for in the model. This result is repeatable and
does not appear to be a systematic error. Previous stud-
ies of magnetoresistance in Zn1−xCoxO have not shown
this behavior[13].
As shown in Fig. 3 between 25 and 100 K the mag-
netoresistance increases monotonically with H and de-
creases with temperature. As the temperature increases
the number of ionized impurities increases, the band
gap decreases and the spin splitting of the Landau sub-
band becomes smaller. As the magnetic field is in-
creased the effective band gap becomes larger again giv-
ing rise to a positive magnetoresistance. In this range
of temperatures previous authors have observed nega-
tive magnetoresistance[13]. This might be indicative of a
strong s-d exchange interaction between magnetic impu-
4TABLE I: Parameters of the phenomenological model.
T (K) n(×1018 m−3) NI(m
−3) τ (×10−12 s)a γa
5 5.11 1.07×10−23 78.6000 201.260
6 5.30 6.61×10−19 5.7000 14.600
7 6.86 1.42×10−11 2.2600 5.790
10 12.30 1.35×102 0.0600 0.150
15 26.90 1.02×108 0.0059 0.015
20 46.30 8.51×106 0.0587 0.150
25 67.40 2.05×1011 0.0791 0.200
50 206.00 3.89×1017 0.0388 0.099
100 435.00 8.94×1020 0.0256 0.066
aCalculated at 4 T where ωc = 2.56× 10
12 s−1
FIG. 3: Magnetoresistance (∆ρ/ρo) at 25 K (), 50 K (△),
and 100 K (©). The model-fit curves are shown as solid lines.
rities and band electrons.
Figure 4 highlights the overall behavior of the magne-
toresistance as function of temperature for two different
field values. The salient features are the sharp increase
at low temperatures and high magnetic field, the slow
decrease at high temperatures, and the anomalous dip
at 15 K. This latter feature is unaccounted for by the
model used to fit the data in the sense that it produces
a fluctuation in the concentration of ionized impurities.
The parameters obtained from the fit to the phe-
nomenological model are shown in Table I.
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FIG. 4: Magnetoresistance (∆ρ/ρo) as a function of temper-
ature at 10 kG () and 35 kG (©). The solid lines are poly-
nomial interpolations.
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